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XPS and contact angle study of N2 and O2

plasma-modified PTFE, PVDF and PVF surfaces

Nicolas Vandencasteele, Delphine Merche and François Reniers∗
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Poly tetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) and polyvinyl fluoride (PVF) polymer
surfaces were exposed to a remote N2 or O2 r.f. plasma. The effect of the plasma power and treatment time
on the surface energy and the surface composition were studied by static water contact angle (WCA) and
X-ray photoelectron spectroscopy (XPS). In every case, a strong defluorination of the surface was observed.
Except for PTFE treated by oxygen, all the surfaces became more hydrophilic after plasma treatment, owing
to the grafting of polar nitrogen or oxygen functions. The kinetics of defluorination and grafting seems to
be favoured for PVDF and PVF surfaces. Copyright  2006 John Wiley & Sons, Ltd.
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INTRODUCTION

The modification of polymer surfaces using plasma tech-
niques has became increasingly popular in the past 10 years.
The advantages of this method are well known (no solvent
toxic to the environment, easy to set up, fast and repro-
ducible). One of the major disadvantages of this technique is
that some of the plasma–surface reactions are still unknown.
Therefore, for many applications, the technique is used in an
empirical way.1 – 6

We have undertaken since 4 years ago a global study
on the effect of some of the species generated in a plasma,
on the surface modification of polymers. We have shown
that the amount and the nature of the functions grafted on
polyethylene surfaces were different, depending on whether
we used high-energy nitrogen ions or neutral nitrogen
molecules generated in an r.f. plasma.7 Recently, we started
investigating the interaction of N2 and O2 plasmas, and their
constituents, with fluorinated polymers. We have already
conducted a study on the effect of O2 and N2 plasma and
N2

C and O2
C ions on poly tetrafluoroethylene (PTFE).8,9 We

have shown that:

(1) Apparently, ions alone (N2
C or O2

C) do not graft on
PTFE.

(2) N2 and O2 plasmas on PTFE lead to completely different
results; while N2 plasma led to the grafting of a wide
variety of polar species, leading to an increase of the
hydrophilicity of the surface, O2 plasma mostly induced
an increase of hydrophobicity.9
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A linear dependence between the surface energy through
the cosine of the water contact angle (WCA) and the %N and
%F at the surface could be shown for PTFE.

In this paper, we continue our investigations in this
field by exposing PTFE, polyvinylidene fluoride (PVDF) and
polyvinyl fluoride (PVF) surfaces to O2 and N2 plasmas.
The purpose of this preliminary study is to point out
the effect of the chemical structure of the polymer on
the grafting efficiency. The general structures of the three
polymers are: PTFE: �CF2 –CF2�n; PVDF: �CF2 –CH2�n and
PVF: �CH2 –CHF�n.

PTFE, PVDF and PVF were subjected to remote N2 and
O2 plasma, at different r.f. powers and for various treatment
times.

EXPERIMENTAL

PTFE, PVDF and PVF samples (Goodfellow) were cut to
2 ð 5 cm size, cleaned in pure isooctane and introduced
into the plasma chamber. The plasma chamber consisted
of a stainless steel–based vessel surmounted by a Pyrex
bell jar. Isolation was realised by a viton O-ring. The
pumping system consisted of a primary pump (Edwards,
up to 1.33 Pa) and a turbomolecular pump (Balzers 230 l/s)
coupled to a membrane pump. Pure gases (Alphagaz) were
used (N60 purity). Before the introduction of the gas, the
chamber was pumped down to a pressure of 2.67 ð 10�4 Pa,
and then backfilled to the working pressure (6.66 Pa). In
order to avoid contamination, the chamber was continuously
pumped during the experiments (dynamic regime). The flow
rate of N2 and O2 was set to 5 sccm. The r.f. plasma was
initiated using a Huttinger PFG300RF generator operating
at 13.56 MHz, coupled to a PFM 1500 A matching network.
A schematic representation of the experimental setup can
be found in the literature.7 Because in an r.f. plasma
positive ions hit the surfaces exposed to the glow with an
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energy depending on many parameters (pressure, electrode-
geometry ratio, power, etc.), the samples were placed far
away from the plasma (remote mode), and above the grid
electrode, where plasma–polymer interactions are expected
to be due mostly to neutrals. This was already shown in a
previous study dedicated to the N2 plasma–polyethylene
surface interaction.7 The plasma chamber is equipped
with a multiple (8) fibre-optic probe in order to detect
simultaneously the excited species generated in the plasma at
different locations: close to the cathode, middle of the plasma,
close to the anode and close to the sample. The plasma
was characterized using an Acton SpectralPro 2500i (Acton
Research) optical emission spectrometer (OES) capable of
a resolution of 0.06 nm and operating in the 200–900 nm
region. The detector consisted of a Princeton Instrument
Digital Camera, type EEV, with 400 ð 1340 pixels.

After treatment, the chamber was backfilled to atmo-
spheric pressure using pure nitrogen, and the sample was
transferred either to the X-ray photoelectron spectroscopy
(XPS) chamber or to the contact angle measurement room.

XPS analysis was carried out in a UHV chamber
(originally PHI AES 590 system) equipped with a VG clam
II analyser. Spectra were acquired using the Mg anode
(1253.6 eV), operating at 300 W. Wide surveys were acquired
at 100 eV pass energy. Spectra of the C 1s, N 1s and F 1s
regions were acquired with a pass energy of 30 eV. The
FWHM of the C 1s peak, previously determined on clean
PTFE on our instrument for 30 eV pass energy, was 2.8 eV.
The average surface concentrations were determined with
the usual formula, with the following sensitivity coefficients:
N D 0.477; C D 0.296; F D 1; O D 0.711. The estimated
uncertainty was š1% for F and C and š2% for O and N.

WCA measurements were performed in the static mode
in a climatized room with controlled humidity. Milli-Q water
was used. Ten drops were deposited at random on the
modified surfaces, and the angle was measured on both
sides of the drops. The results presented here are therefore
an average of 20 measurements and the uncertainty is š1°.

Figure 1. Effect of a nitrogen plasma on the change in the
water contact angle for PTFE, PVF and PVDF. The effects of
the treatment time (at 20 W plasma power) and of the plasma
power (10, 15, 20, 50 W for PVF) are presented.

Figure 2. Oxygen plasma applied to PTFE, PVDF and PVF.
Change in the water contact angle as a function of the
treatment time and the nature of the polymer (at 20 W
discharge power), and effect of the plasma power on the WCA
change for PVF are shown. The timescale for PTFE is given on
top of the figure.

Table 1. Surface composition and WCA for PTFE, PVDF and
PVF surfaces treated by N2 or O2 plasma (20 W power
discharge)

Polymer Plasma
Time

(s) %C %N %O %F WCA

PVF N2 0 75 0 6 19 74
15 79 4 7 10 37
60 76 10 10 4 31

150 75 11 11 3 28
300 73 11 14 2 27
600 72 14 11 3 25

PVF O2 0 75 – 6 19 74
15 68 – 16 16 36
30 68 – 17 15 30
90 74 – 21 5 25

150 70 – 23 7 –
PVDF O2 0 61 – 3 36 68

30 62 – 18 20 36
60 62 – 22 16 27

120 63 – 24 13 17
300 62 – 24 14 10
600 64 – 22 14 9

PTFE N2 0 33 0 3 64 103
300 44 3 3 50 90
600 52 7 3 38 75

1200 50 10 6 34 58
1800 52 16 8 24 34

PTFE O2 0 34 – 0 66 103
300 53 – 4 43 132
600 59 – 5 36 111

1200 60 – 4 36 145
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RESULTS AND DISCUSSION

Figure 1 shows the change in the WCA for nitrogen-plasma-
treated PTFE, PVDF and PVF. The decrease in the WCA is
faster for PVF and PVDF than for PTFE, and depends on
the r.f. power. The power, however, does not influence the
minimum WCA.

Figure 2 shows the effect of oxygen plasma treatment on
the WCA for PTFE, PVDF and PVF. As in the case of the
nitrogen plasma, PVF and PVDF become more hydrophilic,
but, in this case, PTFE becomes more hydrophobic. The
plasma power has the same effect on the decrease in the
WCA, but the effect of the power is not obvious because
the angle reachable after a certain time (which depends
on the power applied) is not measurable because of the
surface being too hydrophilic. A comparison between Figs 1
and 2 shows that the oxygen treatment (except for PTFE)
leads to more hydrophilic surfaces than the nitrogen plasma
treatment.

Table 1 presents the evolution of the surface composition
for PVF, PVDF and PTFE surfaces treated by N2 or O2 plasma.

Although for untreated PTFE clean surfaces could be
obtained, for PVF and PVDF a residual oxygen contami-
nation of 6 and 3%, respectively, was observed and could
barely be removed under normal experimental conditions.

Similarly, for these two polymers, the amount of fluorine
detected is lower than expected from the molecular formula.
This is partly due to the above-mentioned oxygen contami-
nation and to the degradation of the sample due to the XPS
analysis. For O2/PVF, after treatment for 180 s at 20 W (or
45 s at 50 W), no correct contact angle could be measured
any more, the surface having become too hydrophilic.

From Table 1, the following observations can be made:

(1) No significant oxygen grafting is detected on PTFE. We
suggest that the oxygen plasma induces only an etching
of the surface. Indeed, during this treatment we observed
a strong pressure increase in the plasma chamber, and
the OES spectra recorded during the treatment revealed
CO (313.99 nm), CO2

C (289.83 nm) and F (685.63 nm and
703.84 nm) lines (Fig. 3). These lines are present only for
PTFE. Moreover, the shape of the C 1s peak does not
change during the treatment (Fig. 4), indicating that no
new functions are grafted. This etching theory explains
also the increase in contact angle observed for PTFE;
an increase in roughness will increase the contact angle
value as stated by the Wenzel equation: cos �Ł D r cos �,
where � is the Young angle, �Ł is the measured contact
angle and r the roughness coefficient.

Figure 3. Pressure increase in the plasma chamber during the oxygen plasma treatment of PTFE. The insets show selected
wavelengths of the OES spectrum recorded in situ during the treatment. CO, CO2 and F emission lines are detected, indicating a
chemical etching of the surface.
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Figure 4. C 1s photoelectron peak for PTFE, PVDF and PVF untreated and treated by oxygen and nitrogen plasmas.
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(2) For all the samples treated by the nitrogen plasma, a
significant amount of oxygen is detected by XPS. As OES
data recorded inside the plasma revealed no oxygen peak
(the O 777 nm emission line is very sensitive), we came
to the conclusion that oxygen adsorbs on the treated
surfaces during the transfer to the XPS chamber. The
maximum amount of the oxygen contamination depends
on the nature of the polymer; 8% on PTFE, but up to
14% for PVF. For the last polymer, we remind that even
on untreated samples an initial amount of 6% of O was
detected (Table 1).

(3) It is well known that the decrease in the contact angle,
if the roughness does not change, can be related to the
grafting of polar species. For our polymers, it seems that
the grafting of oxygenated species leads to lower contact
angles than the grafting of nitrogen species.

(4) A drastic defluorination is observed on all the samples.
Except for the PTFE/O2 system, this defluorination is
accompanied by the grafting of multiple nitrogen or
oxygen functions. This is illustrated in Fig. 4, which
shows a comparison of the C 1s peak in PTFE, PVDF
and PVF, untreated and treated by O2 or N2 plasma.

The C 1s spectra of untreated samples were compared
to those in the literature.10 If, for PTFE we reach the same
spectrum, for PVF and PVDF the intensities of the high-
energy components (the CHF and CF2 peaks respectively)
are lower than expected. This can be explained by the
surface contamination observed, as well as by the well-
known degradation of the polymer surface due to the X-ray
beam inside the XPS chamber.

A tentative peak fitting for the PTFE/N2 system has
already been presented.9 The progressive decrease of the CF2

component and the appearance of C–F, C N, C–N, C–N–F,
C–C and CF3 components have been proposed. For the PVDF
and PVF samples, the fitting of the C 1s envelope is even
more complicated; oxygen and nitrogen components have
binding energies similar to CHF. We will therefore limit here
the interpretation of Fig. 4 to qualitative comparisons, based
on the overall peak envelope and the surface concentrations
reported in Table 1. From the compositions table, it turns
out that for PTFE and PVDF, as the fluorine concentration is
still significant, F-based components must certainly be taken
into account in the overall composition of the surface. This is
probably not the case any more for PVF, as the final amount
of fluorine is around 3%.

The analysis of the C 1s peak shape for the oxygen plasma
treatment of PVDF shows a quick decrease of the high-
binding-energy CF2 component accompanied by the increase
of lower-binding-energy components, typical of oxygenated
species. For PVF the interpretation is even more doubtful; the
starting C 1s peak that contains two components (CHF and
CH2) is quickly replaced by a broad peak at the same energy.
Although the peak for the O2-treated sample is broader than
that of the N2-treated sample, it is not possible at this stage to

extract more information, as too many effects interfere in the
process (XPS damage, oxygen contamination, many possible
chemical functions).

A difference in behaviour is observed between PTFE on
one hand, and PVF and PVDF on the other; the decrease
in contact angle and defluorination are much faster for
PVDF and PVF than for PTFE (Table 1 and Fig. 1). The
defluorination observed for the O2/PVDF system is much
higher than that observed by Park et al.11 They suggest that
oxygen reacts mostly with the hydrogen on PVDF. On the
basis of our comparative study on PVF, PVDF and PTFE
we suggest that the formation and the release of HF (a very
stable molecule with a bond energy of 568 kJ/mol) in the gas
phase as a product of the reaction is a major driving force in
the process.

CONCLUSIONS

PTFE, PVDF and PVF surfaces were treated by N2 and O2

r.f. plasmas. The XPS and contact angle results indicated
that for the three polymers defluorination occurs. Except
for the PTFE/O2 system, for which no grafting occurs, the
surfaces of the treated polymers are enriched in oxygen- or
nitrogen-containing functions. This induces an increase in the
hydrophilicity. The grafting speed and defluorination occur
more favourably on polymers containing initially hydrogen
and fluorine than on PTFE. We suggest that the formation of
HF as a product of reaction could be a driving force for the
process.
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